; e3eot of t QHETLY 6 FORM NG DUAL GATE OXI DE THI CKNESS ON VERTI CAL

TRANSI STORS BY | ON | MPLANTATI ON FI ELD OF THE | NVENTI ON The present
invention relates generally to fabrication of sem conductor devices, and
nore specifically to methods of fabricating vertical transistors.
BACKGROUND OF THE | NVENTI ON One way to increase chip packing density is to
make vertical transistors. However, vertical transistor fabrication

el evates the conplexity of the process steps and conditions. This
conplexity is magnified when vertical transistors are fabricated with
different gate oxide thicknesses for higher levels of circuitry integration
whi ch nmakes the task even nore chall engi ng and demandi ng. U. S. Patent No.
5,757,038 to Tiwari et al. describes a self-aligned dual gate MOSFET with
an ultra-narrow channel. U. S. Patent Nos. 6,013,548 and 6,077,745 each to
Burns, Jr. et al. both describe a nethod of fabricating self-aligned

di ffused source vertical transistors with deep trench capacitors in a
4F-square nenory cell arra U S. Patent No. 5,324,673 to Fitch et al
descri bes a netqmwnmmwmwmummating vertical transi tent No.
6,030,871 to Eit a met hod of manuf act@“@‘m ROM cel |
usi ng an angl ed i npl-ambo2r U. S. Patent No. 6, 080, 68 k descri bes a

met hodol ogy for

FORMING DUAL GATE OXIDE THICKNESS ON VERTICAL TRANSISTORS
BY ION IMPLANTATION

FIELD OF THE INVENTION

The present invention relates generally to fabrication of semiconductor devices, and

more specifically to methods of fabricating vertical transistors.



achi eving dual gate oxide thicknesses. U S. Patent No. 6,150,670 to
Falterneier et al. describes a process for fabricating a uniformgate oxide
of a vertical transistor. 2 SUMVARY OF THE | NVENTI ON Accordingly, it is
an object of one or nore enbodi ments of the present invention to provide an
i nproved nethod of fabricating vertical transistors having different gate
oxi de thicknesses. Anot her object of one or nore enbodi nents of the present
invention to provide an inproved nethod of fabricating vertical transistors
havi ng di fferent gate oxide thicknesses by the use of selective ion
i nplantation. A further object of one or nore enbodi nents of the present
invention to provide an BAeBLHMOBNROF JHE INVENIIQN yertjcal transistors
having different gate oxide thicknesses by the use of selective plasna
doping. Other objects will appear hereinafter. It has now been di scovered
that the above and Qther objects of the pr nt  Lovent i e .
acconplished in thea?‘%l VéWi 1ﬁog lﬂérr?ﬁ%er © egig%ﬁ%%l {iéy}}s‘?l% slﬁgg??%%% rYae\r/tilCr?glg
first andﬁﬁ&%%.ﬂgb%@bﬁ, Verfd fiRtlior b chidh emtéeﬁ\%%ng%ﬂekﬁ‘? DFRREN

i de wall . At eo

havi ng an outer s and an 1 nner side wa | east t he outer
or inner sigRsygbpsaid c@iditis%.trmgl@oraf)letxh? i6 Iaghiffwhen Reti@il kladkBtds /
are nmasked | eaving at | east one of the outer or inner side walls of at

| east oneasd fdbeafed siithadiffeetogatepiriiarthicknpsesdor Biglantlevels eoft dismitry

i npl anted through the at | east one of the exFosed outer or inner side walls
nodi f yi ngirttegrasionfvalsieh ofakel¢hatask @sen nwore chillenging eapddemgruling. out er or
inner side walls. The at | east one of the masked outer or inner side walls
of at least one of the first and second pillars is / are unmasked. G ate

oxide is 3 grown he ouyter_si wal l.s and the inper si wal | s of the
first and second pi ﬁ&aﬁ?t?ﬁﬁﬁ%i 5?1%7?:@89"& Mo'd ﬁtea]gﬁﬁﬁﬁ’il B@r?e?fehaélg?ﬁéi‘?‘i‘aéd
surfaces of, t east 0 of the doped outer or inner side walls is

t hi cker tﬁ%‘ﬁﬁb‘ﬁ)ﬁ&g‘@ﬁ%% gfara-rng%omﬁg%ﬁ% e nonnodi fi ed surfaces of the at

| east one of the non-doped outer or inner side walls. 4 BRI EF DESCRI PTI ON
OF THE DRAW NGS The features and advantages of the present invention wll
be nore clearly understregshtfNesmd e, 348 46097 385 eadlptd Barhaferetial both
conjunction with the acconpanying drawings in which |like reference nuneral s
desi gnat e desdarideaa methodr ofe fqbaitdiing selfeatigriesl, diffgied uand vpctidal drensishaksi n

whi ch:

with deep trench capacitors in a 4F-square memory cell array.

US. Patent No. 5,324,673 to Fitch et al. describes a method of

fabricating vertical transistors

US. Patent No. 6,030,871 to Fitan describes a method of

manufacturing two bit ROM cell using an angled implant.

U.S. Patent No. 6,080,682 to Ibok describes a methodology for

achieving dual gate oxide thicknesses.

U.S. Patent No. 6,150,670 to Faltermeier et al. describes a process for

fabricating a uniform gate oxide of a vertical transistor.



Fig. 1 schematically illustrates in cross-sectional representation a
st'arting structure comon to both enbodi nents of the present invention.

Figs. 2 to 6 schematically illustrate, in conjunction with Fig. 1, in cross
sectional representation a first preferred enbodi nent of the present
invention. Figs. 7 to 11 schematically illustrate, in conjunction wth Fig.

1, in cross-sectional representation a second preferred enbodi nent of the
present invention. 5 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCODI MENTS
Unl ess otherw se specified, all structures, |ayers, etc. nay be forned or

acconpl i shed by conventional nethods known in the grior art. Initial
Structure Fig. 1 illustrat E f a substrate 10,
preferably a sem conductor silicon (Si) substrate, having first 12 and
second 14 pillars formed within NMOS and PMOS areas 16, 18, respectively.

W thin NVCS area. 16 RaERe sy gkt R anbor e ehpadinent eAlae PPesep ant
I( nNS}[Angd p'nklrL_ 1011‘?% &DpO\FIQE 515;1 r%v}é\ﬁ Hb%tﬂoﬁ '@n@r ceaﬁr%a)értlk%w@sgggér% 1 d

pillar 14dﬂ@9%3§§g%3émaewﬁcknégggant mnthln an NMOS area 18. Pillars 12, 14
are preferably om about 1to 1.0 umthick. First and second plllars 12,

14 havi ng capping, or hard mask, |ayers 20, 22 forned thereover,
respectively, to a thickness of from about 500 to 1000. First and second
hard cappi ng | ayer sAR6the2 @bjctoppsé er ahdre drobodidharits nf thd pheesersti invention
nitride (Si3N4), oxide, a nitride/oxide stack or a silicon nitride/oxide
stack andto pravide apristpseued ynethedwd faricating: yertiealoxansistersabaving differentt

Enbodi nent - to 6 The first emhodinent of the present
i nvent i on84t§ qx!‘?%té‘t‘ﬁ?’l‘éleéﬂ’s%{ t%?g@e o?se lg¢ty edopamplygHaonn which an ion

inplantation is perforned in at |east part of both the first and second
pillars 12, 14. Partial Masking of First and Second Pillars 12~ As shown in

Fg. 2 first and fszlﬁcfﬁﬁ‘ﬂeggﬁj‘éit 6PonSr Rlofe Lf}ﬁ)gﬁﬂn@{t@ f"i’-llﬁ? h?eas%}\t ke t181f1

first and second pillars respective strates aV|ng
first masfp grovfi@s Eﬁ%ﬂ%@be& HﬁetﬁBHfo fabAeaty ber%ﬁapﬂ‘raﬁsﬁiﬁké hi¥inbaliffdderand a

portion of Tirst capping |ayer 20; and second nmask 24 forned over the outer
si de wal | ga8 ooddd\ik¢knepsdsiarthbdisand selegtivd plasmafdopdegnd cappi ng | ayer 22.
First and second masks 22, 24 are preferably formed of deep ultraviolet
(DW) photoresist. Tilt/Angular lon Inplantation or Renote Plasma Dopi ng of

Exposed Portions of First and Second Pillars 12, 14
Other objects will appear hereinafter.

It has now been discovered that the above and other objects of the
present invention may be accomplished in the following manner. Specifically, a
substrate having first and second pillars is provided. The first and second pillars
each having an outer side wall and an inner side wall. At least one of the outer or
inner side walls of at least one of the first and second pillars is/are masked leaving
at least one of the outer or inner side walls of at least one of the first and second
pillars exposed. Dopants are then implanted through the at least one of the exposed
outer or inner side walls modifying the surface of the at least one of the doped
exposed outer or inner side walls. The at least one of the masked outer or inner side

walls of at least one of the first and second pillars is/are unmasked. Gate oxide is



In a key step of the invention, dopants 29, 31 are then inplanted into the
eXposed inner side walls 34, 36 of partially masked P-well and N-well
pillars 12, 14, respectively, and a portion of substrate 10 adjacent
exposed inner side walls 34, 36 by preferably either a wide tilt/angul ar
ion inplantation or renote plasma doping 30, 32. It is noted that the
renote plasma doping technique can be better 7 than the alternate tilt /
angul ar ion inplantation due to non-dependency to features aspect ratio and
| ayout density. Dopants 29, 31 are preferably Si, O N, G, Ar or F and are
more preferably Ar or F. The concentration of dopants 29, 31 is preferably
f r om abougropmonkthepouter side wellsgirgl thednsey sidervadla@f ithe firat endrse¢anrdpillarabout

1 X 10" S atops ./ cne. pants 29, 31 are preferably jnplanted from about
10 to 30-WBessinihe gHe ox Wiy BPen e sedifg SuFiacerp hgadfeashpng of e ant ed

about 10~,bengeat.h the respectiye. surfaces. The intention of dopi 30, 32
the sel ec‘il(aacfrag?(lbt(% 8ﬁng}ers°’F e ?fsst%ﬂfer g%alhﬁ}f §3E O ep%’iﬂ‘ﬁ”?/é‘F’ngtﬁ%Eﬂf"
portions i t ! I f h i 3 Q. t .+t hey
Posseas. dipriledHREEFLARtRCIhsl ndBliNG G aie Biles BRI BRI Y om t e
undoped Si surfaces for the subsequent silicon oxide (Si02 or just oxide)
grom h (see below). Renoval of First and Second Masks 22, 24 As shown in
Fig. 4, first and second masks 22, 24 are renoved fromfirst and second
pillars 12, 14, respectively. Thermal Oxidation to G ow Gate Oxide Portions
40, 44; 42, 46 As shown in Fig. 5, a thermal oxidation process is used to
grow first and second thinner gate silicon oxide (gate oxide) portions 40,
42 on the previously 8 masked outer side walls 26, 28 et al. of first and
second pillars 12, 14, respectively, and first and second thicker gate
silicon oxide portions 44, 46 over doped inner side walls 34, 36 of first
and second pillars 12, 14, respectively. The thernmal oxidation may be
carried out using either a furnace or a rapid thermal system As noted
above, the doping 29, 31 of the selected exposed side walls 34, 36 et al.

of Si nodified the Si surfaces so that they possessed different surface
energies as well as different interfaces fromthe undoped Si surfaces, e.g.
i.e. outer side walls 26, 28 et al., for this gate oxide growh. This
provides the difference in thicknesses between thinner gate oxide portions
40, 42 and thicker gate oxide portions 44, 46 formed on first and second
pillars 12,14, respectively.



Thi nner gate oxide portions 40, 42 are preferably from about 20 to 100
thick, nore preferably fromabout 20 to 50~ thick and nost preferably from
about 20 to 30r thick. Thinner gate oxide portions 40, 42 nay be grown as
thin as fromabout 10 to 201. Thicker gate oxide portions 44, 46 are
preferably fromabout 30 to 1001 thick, nore preferably fromabout 30 to
601 thick and nost preferably from about 40 to 50A thick. Thicker gate

oxi de portions 44, 46 may be grown as thin as fromabout 30 to 40~ and as
thick as fromabout 60 to 2001. 9 Renoval of Capp~-g La, e-,

22/ Sel f-Al'i gned Source/Drain Fornatlon As shown_ in Fig. 6, first and second
cappi ng | ayers 20, 22 ABRIEFRESERIPIION OFFHEAMRAWENGSi || ars 12, 14,
respectively, exposing the top surfaces 47, 49 of first and second pillars
12,14, respectively. Source inplants 50, 52 are formed by self-aligned ion

| pl ant at  on, € 0uGfd e KROSEH ORAARLL P IRe HFeech? Rl edddie Lyl BRGRN

pillars 12, 14. Drain inplant y se I gned i on
i mpl ant at aegngtuﬁ&é@steaaefr&fn HRUSIRYRR ddé%@néﬁ&mtaliéx{ ¢ gﬂﬁm%ﬁﬁﬁﬂgltﬂ'thgar S

12,14, respectivel Gate regions 60,762 are then fornmed proximte t

t hi nner gaéc@nqaar@eng)%b 40, wHiZhalike rBfefdifle SaiRralXidiRidRid isoidadtdr 46,
respectively, of ‘first and second pillars 12, 14, respectively. Gate

regi ons 66orréspoaiding elehreingd) rygionspnd pettiahs aal rswhidon, doped pol ysilicon
(for control of the gate work function), tungsten, tungsten-silicon alloys,
or alum num and are nore preferably doped polysilicon (for control of the
gate work function). This conpletes the fabrication of two vertical
transistors, NMOS t¥ignsh §Fb¢m¢bcadlyd itbpgteates dRsfrosgpectipnab Jepresaiatign a

differing gate oxide 40, 44; respective thlcknesses Second
Embod mentteiting vt o, S Both e BRa B PR BT SR or osent
invention is illustrated in Figs. 1, and 7 through 11 in which an ion
inplantation is perfornmed in only one of the 10

Figs. 2 to 6 schematically illustrate, in conjunction with Fig. 1, in cross-

sectional representation a first preferred embodiment of the present invention.

Figs. 7 to 11 schematically illustrate, in conjunction with Fig. 1, in
cross-sectional representation a second preferred embodiment of the present

invention.



first and second pillars 12, 14. Although figs. 7 through 11 illustrate
performng an ion inplantation only into second N-well pillar 14, it is
possible to performan ion inplantation only into first P-well pillar 12.
Maski ng of First or Second Pillars 12,14 As shown in Fig. 7, one of first
and second pillars 12, 14 is conpletely nmasked by mask 100. Figs. 7 through
11 illustrate masking first P-well pillar 12 with mask 100, although second
N-well pillar 14 could be |Iikew se nasked in accordance with the teachings
of the present invention. Mask 100 is forned over at |east the side walls
102 of first pillar 12 with the side walls 102 and second cappi ng | ayer 22
of second pil IBETMLEE® DESCRIPTEON ©FUTHE PREFERREVSEMBOBDIVEENTS00 al so
bei ng forned over first capping |layer 20. Mask 100 is preferably formed of
DW resist. Tilt / Angular lon Inplantation or Renote Pl asma Dopi ng of
Exposed Portions of Second Pillar 14 In a key step of the invention,
dopants 106 are thednlaesplotimradse speasifidth ablxgioeatures) tyevilete may beffosvednd
N-well pillar 14 and a portion of substrate 10 adjacent exposed side walls
104 of seebaerorplished hyl qoaventions] metbpds kppyndnitheprigrert t / angul ar i on

i npl antation or renote plasma doping 108. It is noted that the renote

pl asma dopi ng techni que can be better than the alternate tilt / angular ion
inplantat%ggaﬂﬁgu&g(pon-dependency to features aspect ratio and | ayout
density. 106 are preferably Si, O N, Ge, Ar or F and are nore
preferably Ar or F. The concentration of dopants 106 is preferably from
about 0.1 X 10'5 to 2 X 10'5 atons / cnB and is nore preferably about 1 X
1015 atons / cnB. DppantiHudidftedaerBiLiRtidhhlviePbAd s8BsttAtemoapeisbrab®y ho 301
beneath the respective surfaces and are nore preferably inplanted about 10~
beneat h t bemiceafdactoir \siiconr (Siicatbstrate, having first 12 and second 14 pillars formed

within NMOS and PMOS areas 16, 18, respectively. One of the pillars 12 has a P-
well implant (P-well pillar 12 in Fig. 1 within NMOS area 16) and the other of the
pillars 14 has a N-well implant (N-well pillar 14 in the Fig. 1 within PMOS area 18).
It is noted that instead, pillar 12 may have an N-well implant within a PMOS area
16 and pillar 14 may have a P-well implant within an NMOS area 18. Pillars 12, 14

are preferably from about 0.1 to 1.0 pm thick.

First and second pillars 12, 14 having capping, or hard mask, layers
20, 22 formed thereover, respectively, to a thickness of from about 500 to 1000A.
First and second hard capping layers 20, 22 are preferably formed of nitride, silicon
nitride (5i,N,), oxide, a nitride/oxide stack or a silicon nitride/oxide stack and is

more preferably formed of a nitride/oxide stack.



The intention of doping 108 the exposed Si side walls 104 and the
respective adjacent portions of Si substrate 10 is to nodify the S

surfaces so that they possess different surface energies as well as
different interfaces fromthe undoped Si surfaces for the subsequent gate
silicon oxide (SiQZ or just gate oxide) growh (see below). Renpval of Mask
100 As shown in Fig. 9, nmask 100 is renoved fromfirst P-well pillar 12.
Thermal Oxidation As shown in Fig. 10, a thernal oxidation process is used
to grow. (1) thinner gate oxide portions 110 on the previously nmasked first
pillar 12 side walls 202 and a portion of substrate 10 adjacent first

pi | | ar 12Festdémbadline igandar(d? ta @i cker gate oxi de portions 112 over
doped second pillar 14 side walls 104 and a portion of substrate 10

adj acent second pillar side walls 104. 12 As noted above, the doping 108
of the exposed Si side . walls 104 and ihe respective adjacent rtions of S
substrate’ 10 modi 11 B Frgsagcidet gt e missthGRvenBef fhAEERerkl R HPE nt
surface e [ a | .as, di f.ferent_int.erf .1h d. S

ur  aces. "1 Peprn BinarBEn g b8 iEB5eAlSh i E B IR A% IE BRI ons
of Si subgid@ie ﬁ@s@&hdt;ﬂilﬁrsgﬁt ¢4 0xi de growth. This provides the difference
in thicknesses %etmeen t'hi nner "gate oxi de portions 110 and thicker gate

oxi de portions 112 formed on first and second pillars 12,14, respectively.
Thi nner gate oxide portions 110 are preferably from about 20 to 100 thick,
mor e pr ef Pashil Wddkomg abBiust a2(d Seeohd PilldisdR, Bhd nost preferably from about

20 to 301 thick. Thinner gate oxide portions 110 nay be grown as thin as
fromO about 10 to 20A. Thicker gate oxide portions 112 are preferably from

about 30 to 100g thick, nore preferably fromabout 30 to 60~ thick and nobst
preferably from abof} She“trbmaﬁg- ghiixsk angtfespnrd masks 2dx?4areirmesnevera nay

b hi K| bout .30 01 ,and as.thick. as . bqut . 60
200" Romolpaet BPRCoBioh dPtiayapad 20l 1 Asdf RapRhialy S ool EPar e AR on
As shown . Fig, £ i : 2 v ed
from 1 r st A g SRR g BRR AR AV iRy 17 R R o B R
surfaces fifq Cégpg‘frgefakféls EO;aaE’\g s%@&xlﬁ’(? ?!na?k'ﬂélafgﬁnéa obr ltH@étE‘tt%? Gideshn 28deRee

i npl ants 50, ormed by se aligned 1on inplantation
well pillar 14 and a portion of second capping layer 22.

First and second masks 22, 24 are preferably formed of deep

ultraviolet (DUV) photoresist.

Tilt/ Angular Ion Implantation or Remote Plasma Doping of Exposed Portions of

First and Second Pillars 12, 14

In a key step of the invention, dopants 29, 31 are then implanted into
the exposed inner side walls 34, 36 of partially masked P-well and N-well pillars 12,
14, respectively, and a portion of substrate 10 adjacent exposed inner side walls 34,
36 by preferably either a wide tilt/angular ion implantation or remote plasma

doping 30, 32. It is noted that the remote plasma doping technique can be better



t hrough the exposed top portions 47, 49 of first and second pillars 12, 14.
Drain 13 inplants 54, 56 are fornmed by self-aligned ion inplantation at
the base of, and extending from first and second pillars 12, 14,
respectively. Gate regions 60 are formed proximate the thinner gate oxide
portions 110 of first pillar 12, and gate regions 62 are then forned

proxi mate the thicker gate oxide portions 112 of second pillar 14. Gate
regions 60, 62 are preferably conprised of polysilicon, doped polysilicon
(for control of the gate work function), tungsten, tungsten-silicon alloys,
or alum num and are nore preferably doped polysilicon (for control of the
gat e wor kthhnrthe iabiaynatd hilty angnial édre smphentdtidn doato aonelependener ta features
transi stors, NMOS transistor 120 and PMOS transistor 122, having differing
gat e oxi dspediorativpnd lagepedensityl y, thi cknesses. Advant ages of the |nvention
The advant ages of one or nore enbodi nents of the present invention include:
1) the formation of dual gate oxide on vertical transistors; or 2) the use

ot cqent i nvent | on HAVBVBRAS: i e pisreabhinal aes b G FIY e ot Rothaea

to limt ijMPR}BPF’ except as defined by the follow ng clains. 14
A e W %F%Fm '

The concentration of dopants 29, 31 is preferably from about 0.1 X 10*°
to 2 X 10” atoms/cm’ and is more preferably about 1 X 10" atoms/cm? Dopants 29,
31 are preferably implanted from about 10 to 30A beneath the respective surfaces

and are more preferably implanted about 10A beneath the respective surfaces.

The intention of doping 30, 32 the selected exposed Si side walls 34, 36
and the respective adjacent portions of Si substrate 10 is to modify the Si surfaces so
that they possess different surface energies as well as different interfaces from the
undoped Si surfaces for the subsequent silicon oxide (5iO, or just oxide) growth

(see below).

Removal of First and Second Masks 22, 24

As shown in Fig. 4, first and second masks 22, 24 are removed from

first and second pillars 12, 14, respectively.

Thermal Oxidation to Grow Gate Oxide Portions 40, 44; 42, 46

As shown in Fig. 5, a thermal oxidation process is used to grow first

and second thinner gate silicon oxide (gate oxide) portions 40, 42 on the previously



1. A nethod of structures having dual gate oxide thicknesses, conprising
the steps of: providing a substrate having first and second pillars; the
first and second pillars each having an outer side wall and an inner side
wal | ; 5 masking at | east one of the outer or inner side walls of at |east
one of the first and second pillars leaving at | east one of the outer or
inner side walls of at |east one of the first and second pillars exposed,;

i npl anti ng dopants through the at | east one of the exposed outer or inner
side walls nodifying the surface of the at | east one of the doped exposed
outer or 10 inner side walls; unmasking the at |east one of the masked

out er or Inaslkad anigs side WellpR6,a28 etealsof Brrs apfl semend ipillarsdid 14 acepritively, ar s;
and grow ng, gate oxide the outer. side walls, and the inner side walls of
the firstanh r%@@@ﬁ&%ﬂf thirker gaie siigon Héld&d?%rt@%?gﬂv N dARsH INAET $HE8I i ed
surfaces of 15,t . | east one of. the doped outer or . dnner side walls is
Thi chor tWae e g el Bt s Pillatn Enkl et dieofrribSaditioRe o
| east one 201 - [ ' he met hod of
clam 1, BALEs arfRToHeRas AheE o fieraB0BE a AR Bl avten T TS e
conprised of silicon and the grown gate oxide is silicon oxide. 15 3. The
met hod of claim 1, wherein the dopants are selected fromthe group

consisting of Si, Q\sNotdabdVe, dhel dbping 29, 31 of the selected exposed side walls
34, 36 et al. of Si modified the Si surfaces so that they possessed different surface
energies as well as different interfaces from the undoped Si surfaces, e.g. i.e. outer
side walls 26, 28 et al., for this gate oxide growth. This provides the difference in
thicknesses between thinner gate oxide portions 40, 42 and thicker gate oxide

portions 44, 46 formed on first and second pillars 12, 14, respectively.

Thinner gate oxide portions 40, 42 are preferably from about 20 to
100A thick, more preferably from about 20 to 50A thick and most preferably from
about 20 to 30A thick. Thinner gate oxide portions 40, 42 may be grown as thin as
from about 10 to 20A.

Thicker gate oxide portions 44, 46 are preferably from about 30 to
100A thick, more preferably from about 30 to 60A thick and most preferably from
about 40 to 50A thick. Thicker gate oxide portions 44, 46 may be grown as thin as
from about 30 to 40A and as thick as from about 60 to 200A.



4. The nmethod of claim1l, wherein the dopants are selected fromthe group
consisting of Ar and F. 5. The nethod of claim 1, wherein the dopants are

i npl anted by a method selected fromthe group consisting of a tilt/angular
ion inplantation nethod and a renote plasma dopi ng nethod. 6. The met hod of
claim11l, wherein the dopants are inplanted by a renote plasma doping

nmet hod. 7. The nethod of claim1, wherein the dopants are inplanted at a
concentration of fromabout 0.1 X 10'5 to 2 X 10'5 atons/cn2. 8. The nethod
of claim1l, wherein the dopants are inplanted at a concentration of about 1
X 10'S atons/cn2. 9. The nethod of claim1l, wherein the dopants are

i mpl ant edRé xfdiaping oy ek YaVor;sl hped Gphigmed D @tidreast one of

t he doped outer or inner side walls. 10. The nmethod of claiml, wherein the
dopants are inplanted about 10A beneath the surface of the at |east one of
t he doped outer or innﬁr si.de.wal |.s. 1(3 11, The t hod _of _claim1,

wher ei n capping | ay@f ShaWB ip Sign@afigy andssepnd rarmas fays 20t 28esmeVesl | ar s
before thg nmasking.step. .1 T t hod of .claim.l rei n_cappj | gyers
v et or moolt i Baieifid ! 12, TEHGRIRYIG, Sirobie M5SPE-L-BREPHES0Iy
step; theg I ) oma material selected fromthe
group Cmg&gl{%ﬁlg%ﬁ%&%ﬁnﬁ%@%ﬁgi Ilrelgégiﬁgﬁi}%'ri de (Si3N,~), oxide, a
rutride/oxide stack and a silicon rutride/oxide stack. 13. The nethod of
claim1l1, wherein the gate oxide grown upon the nodified surfaces of the at

| east one of the dopgcounfplares 30NBRrarei fdemed! bys sbidalignediioh nagslamativhom
about 30 to 100 and the gate oxide grown upon the non-nodified surfaces of
t he at | ettebughdhefexiplsechtop gopddnodf e49 of firstnend secdendipilless 125 14 Phaiokness
of fromabout 20 to 100. 14. The nethod of claim1, wherein the gate oxide
grown upolnplkatsrbdi $6 age domned by eglf-aligned iondmplanation atHbhedpsedfoandr or

i nner side walls has t hi ckness, of,. fr bout 30 to 60~ and the gate oxide
gr own upoﬁ"tfeﬂglqgo{ﬁ]@%gﬁti %Wq%Bﬂ?r%?ﬂﬁeméPe‘?té‘ééY' one of the non-doped
outer or inner side walls has a thickness of fromabout 20 to 501. 15. The
met hod of claim11, wherein gate regions are fornmed over the gate oxide.

Gate regions 60, 62 are then formed proximate the thinner gate oxide

portions 40, 42 and thicker gate oxide portions 44, 46, respectively, of first and
second pillars 12, 14, respectively. Gate regions 60, 62 are preferably comprised of
polysilicon, doped polysilicon (for control of the gate work function), tungsten,
tungsten-silicon alloys, or aluminum and are more preferably doped polysilicon

(for control of the gate work function).

This completes the fabrication of two vertical transistors, NMOS
transistor 70 and PMOS transistor 72, each having differing gate oxide 40, 44; 42, 46,

respectively, thicknesses.

Second Embodiment — Figs. 1 and 7 to 11

The second embodiment of the present invention is illustrated in Figs.

1, and 7 through 11 in which an ion implantation is performed in only one of the

10



16. The method of claim 1, wherein the outer side walls of the first and
second pillars are nmasked, leaving the inner side walls of the first and
second pillars exposed. 17 17. The method of claim 1, wherein the inner
and outer side walls of one of the first and second pillars are masked,

| eaving the inner and outer side walls of the other pillar exposed. 18. A
met hod of structures having dual gate oxide thicknesses, conprising the
steps of: providing a substrate having first and second pillars; the first
and second pillars each having an outer side wall and an inner side wall; 5
maski ng the outer side walls of the first and second pillars, |eaving the

i nner si déirstedridsseabnd tpélldnisrigs 1amltbeugintigpi’ thapegledpibestrate pekfonting an
dopants through the exposed inner side walls of the first and second

pi | | ars minft implagtation enlyfiate sesondHN-welh pillasi e itvigIpossiblentpapiform mhdonut er
side wal |l s oLg$he first and secog& pillars; and 10 growi ng gate oxide on

t he out er I@PHEtHEe enlyinte Hest Prwelt pdiard2pa) 1s of the first and second
pillars wherein the gate oxide grown upon the nodified surfaces of the
doped inner side walls is thicker than the gate oxi de grown upon the non
nmodi fi ed t | |l's of the first and second pillars.
19. The 3 £ st #ﬁ& b2 e substrate and the first and second
pillars are conprised of silicon and the grown gate oxide is silicon oxide.

As shown in Fig. 7, one of first and second pillars 12, 14 is completely
masked by mask 100. Figs. 7 through 11 illustrate masking first P-well pillar 12 with
mask 100, although second N-well pillar 14 could be likewise masked in accordance

with the teachings of the present invention.

Mask 100 is formed over at least the side walls 102 of first pillar 12
with the side walls 102 and second capping layer 22 of second pillar 14 being left
exposed. Fig. 7 illustrates mask 100 also being formed over first capping layer 20.

Mask 100 is preferably formed of DUV resist.

Tilt/ Angular Ion Implantation or Remote Plasma Doping of Exposed Portions of

Second Pillar 14

In a key step of the invention, dopants 106 are then implanted into the
exposed side walls 104 of second N-well pillar 14 and a portion of substrate 10
adjacent exposed side walls 104 of second N-well pillar 14 by preferably either a
tilt/angular ion implantation or remote plasma doping 108. It is noted that the
remote plasma doping technique can be better than the alternate tilt/angular ion

implantation due to non-dependency to features aspect ratio and layout density.

11



20. The nethod of claim 18, wherein the dopants are selected fromthe group
consisting of Si, O N, Ge, Ar and F. 21. The nmethod of claim 18, wherein

t he dopants are selected fromthe group consisting of Ar and F. 18 22.
The nethod of claim 18, wherein the dopants are inplanted by a nethod
selected fromthe group consisting of a tilt/angular ion inplantation

nmet hod and a renote plasna dopi ng nethod. 23. The nethod of claim18,
wherein the dopants are inplanted by a renpote plasna dopi ng nethod. 24. The
met hod of claim 18, wherein the dopants are inplanted at a concentration of
fromabout 0.1 X 10'5 to 2 X 10'5 atons/cne. 25. The nmethod of claim 18,
wherei n the dopant Pepaats df sarecprederahl % ShcOntNaGesrAbiorabond areg mores

at ons/ cn2. %5 The net hod of claim 18, wherein the dopants are inplanted

f r om aboUReEFRIE AT Beneat h the surface of the doped inner side walls. 27.
The nethod of claim 18, wherein the dopants are inplanted about 10A beneath
the surface of the doped inner side walls. 28. The nethod of claim 18,

wherein capping la i illars
before the nasking”ﬁg%nﬁ£§8}£#ﬁ§g%§%ﬁﬁﬁg?@b ﬁhEhgﬁgyf&%%FQEthggglng ayers
are for Wezdxqwratsﬁ@vc&ﬁ ahf§s fnac;rét @f%ﬁ%& RIX h % iRl AR, Dt aies K09
step; the capping |ayers being f

are preferably implanted from about 10 to 30A beneath the respective surfaces and

are more preferably implanted about 10A beneath the respective surfaces.

The intention of doping 108 the exposed Si side walls 104 and the
respective adjacent portions of Si substrate 10 is to modify the Si surfaces so that
they possess different surface energies as well as different interfaces from the
undoped Si surfaces for the subsequent gate silicon oxide (SiO, or just gate oxide)

growth (see below).

Removal of Mask 100

As shown in Fig. 9, mask 100 is removed from first P-well pillar 12.

Thermal Oxidation

As shown in Fig. 10, a thermal oxidation process is used to grow: (1)

~ thinner gate oxide portions 110 on the previously masked first pillar 12 side walls
102 and a portion of substrate 10 adjacent first pillar 12 side walls 102; and (2)
thicker gate oxide portions 112 over doped second pillar 14 side walls 104 and a

portion of substrate 10 adjacent second pillar side walls 104.
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19 froma material selected fromthe group consisting of nitride, silicon
nitride (Si3N4), oxide, a rutride/oxide stack and a silicon nitride/oxide
stack. 30. The nmethod of claim 18, wherein the gate oxide grown upon the
nodi fied surfaces of the doped inner side walls has a thickness of from
about 30 to 100 and the gate oxi de grown upon the non-nodified surfaces of
t he non-doped outer side walls has a thickness of fromabout 20 to 1001.

31. The nethod of claim 18, wherein the gate oxide grown upon the nodified
surfaces of the doped inner side walls has a thickness of fromabout 30 to
601 and the gate oxide grown upon the non-nodified surfaces of the

non- doped outer si dse neéd sbhes thetduipihgd88 obthd exgrosalddiitsidOwadls 304 apidot h
more preferred) 32. The nmethod of claim 18, wherein gate regions are forned
over t he thgarespestivieadja@nt pontenroef Ffsubsirate 1@ medifind thesel Gasurderes sohate

t hi cknesses, conprising the steps of: providjng g, substrate having first
and secoﬁ'&e%PPPS&?%‘%ds fHEerent gyrfage energis A e la%ssglégﬁeﬁn%g\wrﬁ@«fea iy e si de

3’;2' ﬁ?”?@%‘s‘é‘?ﬁ st B it 0GR s B R kTl it 1 <
and out o o Riig e TOPRE i AR PRUAC TORBE"IR ] BESUA: W0F HORERE TCe

of the i nRRkn&REs B&Wen&h%ew%htesoﬁadgﬁmrm1@faﬂd1@ﬁa<tekigate0&>hhgp%t&s

unmaski ng the inner and outer "side walls of the one pillar; an

grow ng dap €orgxédien Gifsttdnel deated pillds Ot IeY respdetivey] s of the first and
second pillars wherein the gate oxide grown upon the nodified surfaces of
t he doped inner and outer side walls side walls of the other pillar is

t hi cker than the gate oxide grown upon the non-nodified surfaces of kﬁe

i nner and outer si daingdr|gatepxidegastiens 110 are preferably from about 20 to 100

thick, more preferably from about 20 to 50A thick and most preferably from about
20 to 30A thick. Thinner gate oxide portions 110 may be grown as thin as from
about 10 to 20A.

Thicker gate oxide portions 112 are preferably from about 30 to 100A
thick, more preferably from about 30 to 60A thick and most preferably from about
40 to 50A thick. Thicker gate oxide portions 112 may be grown as thin as from
about 30 to 40A and as thick as from about 60 to 200A.

Removal of Capping Lavers 20, 22 /Self-Aligned Source/Drain Formation

As shown in Fig. 11, first and second capping layers 20, 22 are
removed from first and second pillars 12, 14, respectively, exposing the top surfaces

47, 49 of first and second pillars 12, 14, respectively.

Source implants 50, 52 are formed by self-aligned ion implantation

through the exposed top portions 47, 49 of first and second pillars 12, 14. Drain

13



15 pillar. 34. The nethod of claim 33, wherein the substrate and the first
and second pillars are conprised of silicon and the grown gate oxide is
silicon oxide. 35. The nethod of claim 33, wherein the dopants are sel ected
fromthe group consisting of Si, O N, Ge, Ar and F. 36. The nethod of
claim 33, wherein the dopants are selected fromthe group consisting of Ar
and F. 37. The nethod of claim 33, wherein the dopants are inplanted by a
nmet hod sel ected fromthe group consisting of a tilt/angular ion

i npl antation method and a renote plasnma dopi ng net hod. 38. The nethod of

claim 33, wherein the dopants are inplanted by a renote plasma dopin
met hod. 39Pplanie 5ﬁfe§ﬁc?de(fgné‘le§i]?ﬁ 391,f'gv)b83?‘éi1ﬁ“t1ﬁé°lﬂ%tﬁﬁﬁf‘sata% bass| %fgta@gl at a

concentrat%gg.of fro bo%L 0.1dX. O'ﬁ tg 2 X 10'5 atoms/cnR. 21 40. The
met hod ofXtenging Bem. fiahaidsechn (ﬁ’b‘i‘gﬁ & L LesPepii%eled at a concentration of
about 1 X 101S atons/cnez. 41. The nethod of claim 33, wherein the dopants
are inplanted fromabout 10 to 30~ beneath the surface of the doped inner

and outer side wal tﬁat@;eqtigﬁsr 86 hes dfotP. eha[:;roxf}a%te-m@ tﬁﬁ%ﬁﬁ%a@foﬁh@bﬁé s

wherein the dopants are 1 nplanted about® 10~ beneat surface t he
doped i Nnep oRRgstPille 15 ladE pdd b&ziGhs 6DN8redthBR ToRhéd Proxifhdte fHethidieh gdteOf

claim 33, wherein capping layers are formed over each of the first "and
second piolxide pottieherld? ofisecoaskpitlgr $34.6Bate regions 60, 62 are preferably comprised
of polysilicon, doped polysilicon (for control of the gate work function), tungsten,

tungsten-silicon alloys, or aluminum and are more preferably doped polysilicon

(for control of the gate work function).
This completes the fabrication of two vertical transistors, NMOS
transistor 120 and PMOS transistor 122, having differing gate oxide 110, 112,

respectively, thicknesses.

Advantages of the Invention

The advantages of one or more embodiments of the present invention
include:
1) the formation of dual gate oxide on vertical transistors; or

2) the use of a remote plasma doping technique.
While particular embodiments of the present invention have been

illustrated and described, it is not intended to limit the invention, except as defined

by the following claims.

14



44. The nethod of claim 33, wherein capping |layers are formed over each of
the first and second pillars before the masking step; the capping |ayers
being fornmed froma nmaterial selected fromthe group consisting of nitride,
silicon nitride (Si3N4), oxide, a nitride/oxide stack and a silicon
nitride/ oxide stack. 45. The nethod of claim 33, wherein the gate oxide
grown upon the nodified surfaces of the doped inner and outer side walls of
the other pillar has a thickness of fromabout 30 to 1001 and the gate

oxi de grown upon the non-nodified surfaces of the non-doped inner and outer
side walls of the one pillar has a thickness of fromabout 20 to 100. 46.
The nmet hod of claim 33, wherein the gate oxide grown upon the nodified
surfaces of the doped inner and outer side walls of the other pillar has a
t hi ckness of from about 30 to 60A afdlAMMSyate oxi de grown upon the

non- nodi f i ed. surfaces 22 of the non-doped inner and outer side walls 12
of the on¥e§laMar 12 has a thickness of from about 20 to 501. 47. The

met hod of claim 33, wherein gate regions are fornmed over the gate oxide. 23
.Ah, . A9. A. 9. A9. A. 9. A

A% A % A 9 A% AU, , % A 9 | 9< +] iV
Sl v gb e SR8 avedies iy Sl bR (e B Kbl T dlln L)
ca] cha Ulg"al ca] ca] ca] c”a] c*a] c™a] cRa] cRa

K'gL! "0} xsmhc”Y] ] ca] ca] ca] ca] c™a] ca] ca] cMa] ca] c”a] ca] ca] ca] c”a] ca] c™a] ca] ca
] ca] ca] ca] ca] qﬁbeﬁliﬁglacal&@]awhaoaigcﬁ}stadrﬁlas&znhi pillars; the first and second

' lel "$UR&&3" "' " N(((7)**++F+n+zupkfa\ V] c*a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] c”a] geillews|eaah baytvw] aradatal sidlecral] endl @ajioner sid¢ eallca] ca] ca] ca] ca! n++, , b, ,
- X--. -t THT1 1111 2{23X3f 424445N6T6zu0j d_ZU] ca %g]ca]cAa]cagcAa cajcalc
a] ca] ®a] ca] ca]majking etleastqueof thejostgrea I@HF%%E}iéa’j’%l]ﬂ dtdeast eng e }@ﬁ%@a] calc
al T66w88Z9nP9: Q . : ;. b; . ) .
. 1 | <5<<<=ANhsesppd Pilgslsaning 4t gapianecoldhe outen tinesy sidp wallsafaljeashpre) ca) ¢
g']' (é(;] cajc g]ﬁgsq]a%%]s%g g&lkﬁf\a]rgg Igosaeh?a] ca] ca] ca] ca] ca] ca] ca] ca! @@*A0AAB\ BB

EbEEEEFbFzFFG2 I C ajca

ca] ca] ca] ca] cai gai Cai%?f’@éﬁ%ﬁ%ﬁ‘}‘%@ﬁ% gz%a%g%%g}(gg'}\g%ijg}%ﬁaﬁrkﬁ ﬁB?JeP el
J9Jr KLNNGR@ FisRhBa iR VRRRE P& anicdsZbhe be Al adbpad erpslicaltenbeal caj
ca] cal ca] ca] ca] ca] ca]calca] ca] ca]ca]ca]lca]calca]lca]calcalcalcalcalcaljca!ST
OT TTTAVUsidalefS3 @y VANSYWAKDXXXXCYYZ[ x\ | \\ ] W ]} xsni d_Z] ] c] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca ca]ca]caLca]ca]ca]ca]ca cal] ca] ca] ca] ca]ca]ca] ca
] cal ] ] 9ATAAAAunmasgRing tiRa@alsatsabtetifitbe onaskpd @user ghinnen side 2yl efdtdedst a] ca]
cal] ca] ca] ca] cal ca] ca] ca] ca]gal a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] %€ AXRBHITsY anst segpnd prlarsAcbbt bbbbLci cc] dd' e f gh}xsni d_Z] ] c] ca] ca]

oo coleal < eohsniag sl sthorlints s oal sullaplonisd mledlaniaales )
Tosa () TOVRY (5 Bbeds ek PPt o DB B BRI o one
" () - 1151 0% dt lleast 0O YVBhd dloped outer or inner side walls is thicker than the gate oxide

109%V&' ()-f10%V' ()-L"] dEhI #210% u& 37mLO%VE () - 5109%VE: ( ) -
210%VE' () grehid) UpBn the nod-RAddkified surfaces of the at least one of the non-doped outer or

inner side walls.

2. The method of claim 1, wherein the substrate and the first and second pillars are

comprised of silicon and the grown gate oxide is silicon oxide.
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*109VE' ()-V , ~\: #Z! FF" 10%@8& ()-! F" 10v@8& ()-! F"10%@8& ()- 10%@& ()- 10M
10M 10Ms: S109VE ()-, S~ @ 10T: s109& ()-G' 1094& ()- 10@ 10@

10@.: 109%@& ()-!' m' 109%@@& () - f sy#910%@& () -

K'gmV s109%& () - 109%& () -, F'10%& ()-LF 10%& ()- ~ 10%& ()-y 10%& () -
10T 10TgLAEMV s10%Y9B10%& () - y#Z"' 109%& () -! 10%& () -

109%& () - 3109%& ()-109%& ()-!"~ =s! G'10%b& ()- Y10%& ()-!'t "10%b& ()-
109& ()- 10b 10b 10bL:t10%& ()-"~\=s10% u& ()-! F'10% u-u& ()- &10% u& () -
10b

3. The method of claim 1, wherein the dopants are selected from the group

consisting of 5i, O, N, Ge, Ar and F.

4. The method of claim 1, wherein the dopants are selected from the group

consisting of Ar and F.

5. The method of claim 1, wherein the dopants are implanted by a method selected

from the group consisting of a tilt/angular ion implantation method and a remote

plasma doping method.

6. The method of claim 1, wherein the dopants are implanted by a remote plasma

doping method.

7. The method of claim 1, wherein the dopants are implanted at a concentration of

from about 0.1 X 10" to 2 X 10 atoms/cm?>.

8. The method of claim 1, wherein the dopants are implanted at a concentration of

about 1 X 10" atoms/cm?.

9. The method of claim 1, wherein the dopants are implanted from about 10 to 30A

beneath the surface of the at least one of the doped outer or inner side walls.

10. The method of claim 1, wherein the dopants are implanted about 10A beneath

the surface of the at least one of the doped outer or inner side walls.
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10b 10b’, ;s10%& ()-! ' G' 10%b& ()- @z[ PE:s 10-u 10-u 10-u :s10% u& ()-!

| .F"10% u- u& ()-T(Z"10% u& ()-!#4"10% u-u& ()-!G' 10% u- u& () - SFZdEPE: s

10- uF" 109%@& ()- " 10%@& ()- @O%@& ()-L 10%@& ()-10%@& ()- F"109%@& ()- Y
dEPE: s 10-ul . 10%@& () -, 109%@& () -

(@%@ ()-F"10%@& ()- " 10%@& ()- F"10%@& ()- ! !blcld!e!"xmbCs
10-uY"10% u&' ()- 10@ 10@

10@.: 10%@& () - 7G' 10%@& () - 510%@& () - 2Z10%@& () - " $%R&8&&&z0dY: s&10% u& () -
10-u 10-u 10-uL:t10% u& ()-!(Z"10% u-u& ()-& Z"10% u- u& ()-& Y"10% u- u& ()-
&3' "' N((dEdY: sG'10% u& ()-Z"10% u& ()- s10% u& ()- .

@ 10% u&' {}-The methaskof glaim 1owherein rapping+layers-agedornedd gvarosach &f the first

, G'10% u& (),-*10% u,cﬁ' ()-7"10% u& ﬁ() -Ss10% u&' ()-f:10% u& ()- F+n++,
and second pillars before the masKing step.

12. The method of claim 1, wherein capping layers are formed over each of the first
and second pillars before the masking step; the capping layers being formed from a
material selected from the group consisting of nitride, silicon nitride (Si;N,), oxide,

a nitride/oxide stack and a silicon nitride/oxide stack.

13. The method of claim 1, wherein the gate oxide grown upon the modified
surfaces of the at least one of the doped outer or inner side walls has a thickness of
from about 30 to 100A and the gate oxide grown upon the non-modified surfaces of

the at least one of the non-doped outer or inner side walls has a thickness of from

about 20 to 100A.

14. The method of claim 1, wherein the gate oxide grown upon the modified
surfaces of the at least one of the doped outer or inner side walls has a thickness of
from about 30 to 60A and the gate oxide grown upon the non-modified surfaces of

the at least one of the non-doped outer or inner side walls has a thickness of from

about 20 to 50A.
15. The method of claim 1, wherein gate regions are formed over the gate oxide.

16. The method of claim 1, wherein the outer side walls of the first and second
pillars are masked, leaving the inner side walls of the first and second pillars

exposed.
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.., b, XmbCsG' 10%0& ()- 10-u 10-u 10-u: 10% u& ()- 7Y"10% u& ()-510% u& () -
210% u& ()-b,,, - X--.dEnbCs4" 10908 ()- G'10%0& ()- 10%0& ()-S 10%0& () -

10908 ()- 3"10%0& ()-.-.t../H /dEnbCs )F"10%0& ()- |9% 10%0& ()- !!10%0& () -
3" 10%08' ()- &L0%0&' ()-y10%0& ()- ///111111xnbCs&10%& ()- 100 100

100 10%0& () - 3LOF" 10%0& () - T. 10%0& () -

*10%08' () - 11' 2{ 23X3f 4dEnbCsS3" 109F&" () - S9109T&' () - 4" 109F&' () - 4" 109F & () -
&L109T& ()- 109d& ()-f4z4445N6QBR6S6AE: / 10T

10T: 10967& () - &OY" 10947& () - LY. 10907& ()-*109%T& ()-L': 109%T& () - y#109%& () - S6T6
6WB8ZINDIXV7/

10T&! 10922 The sretbod p&clajmICwloyeis thy is16%ikoyter SEIOMKOI JreoDURESY ) -
10T9: Q ::; b; aB7/ 10T&L0G'10% & ( &2 A 1109 ()-*10%& () -

109%2& () -4vizoecond @ilgrs areapashodglepyingnthe: inaow ard entesige walrart-theotker ) -

pillar exposed.

18. A method of structures having dual gate oxide thicknesses, comprising the steps
of:
providing a substrate having first and second pillars; the first and second
pillars each having an outer side wall and an inner side wall;
5 masking the outer side walls of the first and second pillars, leaving the inner
side walls of the first and second pillars exposed;
implanting dopants through the exposed inner side walls of the first and
second pillars modifying the surface of the inner side walls;
unmasking the outer side walls of the first and second pillars; and
10 growing gate oxide on the outer side walls and the inner side walls of the
first and second pillars wherein the gate oxide grown upon the modified surfaces of
the doped inner side walls is thicker than the gate oxide grown upon the non-

modified surfaces of the outer side walls of the first and second pillars.

19. The method of claim 18, wherein the substrate and the first and second pillars

are comprised of silicon and the grown gate oxide is silicon oxide.

20. The method of claim 18, wherein the dopants are selected from the group

consisting of Si, O, N, Ge, Ar and F.

21. The method of claim 18, wherein the dopants are selected from the group

consisting of Ar and F.
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10z 10z 10z; 10%& ()- 7F"10%& ()-L510%& ()-, 210%& () - <<=>>?, 2dEnbC 10T&G
1092 & ()-Z"10%& ()- &L0%& ()- Z'10%& ()-S910%& ()- :10%& ()-

, PH??2?2?@@IEnbC 10T&9010% & () - sf, 10%& () -

*10%8& ()-(:10%& ()-9' 10%& ()- S#10%& ()- DCOAAAAAadC 10T&

109& ()- 109 ()- 10z 10z 10z: 10%& ()-310%& ()- 1nt 10%& () - @WAOAAB\ BAdELC
10T&yF" 109& ()- &$109& ()-109%& ()- S109%& ()-3 109& ()- SF"109& () -

\ BBB" C7CCCdELC

22. The method of claim 18, wherein the dopants are implanted by a method
selected from the group consisting of a tilt/angular ion implantation method and a

remote plasma doping method.

23. The method of claim 18, wherein the dopants are implanted by a remote plasma

doping method.

24. The method of claim 18, wherein the dopants are implanted at a concentration

of from about 0.1 X 10® to 2 X 10" atoms/cm?.

25. The method of claim 18, wherein the dopants are implanted at a concentration

of about 1 X 10 atoms/cm?.

26. The method of claim 18, wherein the dopants are implanted from about 10 to

30A beneath the surface of the doped inner side walls.

27. The method of claim 18, wherein the dopants are implanted about 10A beneath

the surface of the doped inner side walls.

28. The method of claim 18, wherein capping layers are formed over each of the

first and second pillars before the masking step.

29. The method of claim 18, wherein capping layers are formed over each of the

first and second pillars before the masking step; the capping layers being formed
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10T& Y4.09%& () - #109%& ()-! 109 ()- Y'109%& ()- &LO% ()- YL09%& () - CCNDDD

EbEJEbC 10T&2Y"109%& ()- .10%& ()-, Y'109%& ()-*$109%& ()- ) Y"109%& () -

9'10%&' ()- bEEEEEEEFbFbC 10T&F"10%& ()- z10%& ()-F'10%& ()- 10 10 10;

109&' ()-3Z109%& () - bFzZFFQGGGIEDC 10T&&10%& () - YG' 10%&' () -

10%& ()-G 10%& ()-Z2"10%& ()-f:10%& () - GCHaH{ HHI dEbC

10T& 310%& ()-, G 10%& ()- ) 10%& ()-9' Z"10%& () -

#10%& ()-!Z"10%& ()-1kII1111 J9IbC 10T&LO0%O& ()-3"10%0& ()- 10b 10b
from a material selected from the group consisting of nitride, silicon nitride (Si;N,),

oxide, a nitride/oxide stack and a silicon nitride/oxide stack.

30. The method of claim 18, wherein the gate oxide grown upon the modified
surfaces of the doped inner side walls has a thickness of from about 30 to 100A and
the gate oxide grown upon the non-modified surfaces of the non-doped outer side

walls has a thickness of from about 20 to 100A.

31. The method of claim 18, wherein the gate oxide grown upon the modified
surfaces of the doped inner side walls has a thickness of from about 30 to 60A and
the gate oxide grown upon the non-modified surfaces of the non-doped outer side

walls has a thickness of from about 20 to 50A (both more preferred)

32. The method of claim 18, wherein gate regions are formed over the gate oxide.

33. A method of structures having dual gate oxide thicknesses, comprising the steps
of:

providing a substrate having first and second pillars; the first and second
pillars each having an outer side wall and an inner side wall;

5 masking the inner and outer side walls of one of the first and second pillars

leaving the inner and outer side walls of the other pillar exposed;

implanting dopants through the exposed inner and outer side walls side
walls of the other pillar modifying the surface of the inner and outer side walls side
walls of the other pillar;

10 unmasking the inner and outer side walls of the one pillar; and
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10b; 10%& () -310%& ()- 2F"10%& ()- 9Jr KLNNNNOJEbC 10T& 3F" 10%0& () -
CALUT1090& () - N 109 () - FHZ" 10908 () - GT109%0& () - 3" 10%60& () - - O0000G: OO0
C 10T& 10%&' ()-4"10%& ()-4"10%& ()- 100 100 100 10%0& () -
5109%08&' () - O+P/ P{ PPQ@EDC 10T&f 109&' ()-$109& ()- 109%& ()- sS109%&' ()-
109& ()-,3"10%& ()- @XXQRYRRRIELC
10T&FYF" 109& () - y#F"109& ()-1!$10%& ()-10%& ()-910%& ()-3ml0%& () -
RFSSS) TOTTdELC 10T&SF" 10%& () - 2y109%& () - 90F"109%& () -, 109%& () -
*F"109& ()-' 10%& ()- TTTTTTUVUsUoC 10T& &L0% ()- Y 3"10% ()- ~ "10%& () -
10
growing gate oxide on the inner and outer side walls of the first and second

pillars wherein the gate oxide grown upon the modified surfaces of the doped inner

and outer side walls side walls of the other pillar is thicker than the gate oxide

grown upon the non-modified surfaces of the inner and outer side walls of the one

15 pillar.

34. The method of claim 33, wherein the substrate and the first and second pillars

are comprised of silicon and the grown gate oxide is silicon oxide.

35. The method of claim 33, wherein the dopants are selected from the group

consisting of Si, O, N, Ge, Ar and F.

36. The method of claim 33, wherein the dopants are selected from the group

consisting of Ar and F.
37. The method of claim 33, wherein the dopants are implanted by a method
selected from the group consisting of a tilt/angular ion implantation method and a

remote plasma doping method.

38. The method of claim 33, wherein the dopants are implanted by a remote plasma

doping method.

39. The method of claim 33, wherein the dopants are implanted at a concentration

of from about 0.1 X 10 to 2 X 10* atoms/cm?®.
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2109 ( Y0, The owghed of claim 33, wherein the dopants are implanted at a concentration

of about 1 X 10" atoms/cm?.

41. The method of claim 33, wherein the dopants are implanted from about 10 to

30A beneath the surface of the doped inner and outer side walls of the other pillar.

42. The method of claim 33, wherein the dopants are implanted about 10A beneath

the surface of the doped inner and outer side walls of the other pillar.

43. The method of claim 33, wherein capping layers are formed over each of the

tirst and second pillars before the masking step.

44. The method of claim 33, wherein capping layers are formed over each of the
first and second pillars before the masking step; the capping layers being formed
from a material selected from the group consisting of nitride, silicon nitride (Si;N,),

oxide, a nitride/oxide stack and a silicon nitride/oxide stack.

45. The method of claim 33, wherein the gate oxide grown upon the modified
surfaces of the doped inner and outer side walls of the other pillar has a thickness
of from about 30 to 100A and the gate oxide grown upon the non-modified surfaces
of the non-doped inner and outer side walls of the one pillar has a thickness of from

about 20 to 100A.

46. The method of claim 33, wherein the gate oxide grown upon the modified
surfaces of the doped inner and outer side walls of the other pillar has a thickness

of from about 30 to 60A and the gate oxide grown upon the non-modified surfaces
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